Abstract-Rheological properties of polycrystalline iridium of I 99.9 grade are investigated in order to con struct the dependence of deformation resistance on studied factors (strain ratio, rate, and temperature). The tests of cylindrical samples made of iridium are performed using a cam plastometer in temperature range t = 900-1400°C at strain rates ξ = 0.2 and 20 s -1 , as well as at t = 800-1400°C and ξ = 2 s -1 using the upsetting method at a strain rate up to 0.8. The results of investigations can be used to develop the pressure treatment of iridium wares at large plastic strains and in a broad range of thermomechanical parameters.
PROBLEM STATEMENT
Iridium and its alloys, due to their unique proper ties (infusibility, resistance to aggressive media, etc.) find increasingly larger application as a construction material for wares operating at high temperatures and in aggressive media. Iridium is used when fabricating, for example, crucibles for growing oxide single crys tals, containers for low scale sources of heat and elec tric energy, coils for electric furnaces, incandescence lamps, and surgery tools. It can be especially in demand as a container material that can successfully operate to a temperature of 2100°C.
It is known [1] that iridium is difficult to be treated by pressure because of strong hardening and liability to brittle intergrain destruction.
There are a whole series of data in publications which indicate that single crystalline iridium is a high plastic material, and we can expect that it will be treated even at room temperature. However, upon applying tensile loads to a bulk single crystal, numer ous cracks leading to sample decay in the parts appear on its surface [1] .
Since the pressure treatment of polycrystalline iri dium is associated with the danger of billet destruction in view of its low deformability, most investigations are devoted to studying plasticity characteristics (relative elongation before the break), as well as destruction mechanisms of polycrystalline samples. For this rea son there are very few studies devoted to the investiga tion of the plastic deformation resistance of polycrys talline iridium, which is necessary to calculate the energy power parameters of pressure treatment pro cesses, in technical publications. A limited set of mechanical properties of iridium at temperatures of 1650 and 2300°C had become known only recently [2, 3] .
The published data on the deformation resistance of platinum are only for room temperature [4, 5] . It is revealed in [6] that iridium samples doped with small additives of Ce and Th and, possibly, without them show good values of tension plasticity even at room temperature. However, technologists nevertheless try to perform deformation processes (forging and stamp ing) at elevated temperatures to decrease stresses and forces.
The analysis of the published data showed that almost all the results of investigations into rheological properties and deformability of iridium and its alloys [6] [7] [8] are found in the course of tensile tests, which are characterized by relatively small deformation (no larger than 10-15%). Only the yield point, i.e., the minimal stress, at which the plastic deformation starts, is reliably determined from the strength charac Resistance  of Polycrystalline Iridium INVESTIGATION INTO THE DEFORMATION RESISTANCE  533 teristics. The tensile experiments do not allow us to reliably evaluate strengthening at large deformations because of their localization in the neck region and transition of the linear stress state of the material into the three dimensional one.
Investigation into the Deformation
In connection with the aforesaid, the goal of this study is to acquire the curves of deformation strength ening of iridium, as well as to construct the analytical dependence of its resistance to the plastic deformation on the treatment degree, rate, and temperature, which could be used when calculating the production pro cesses of pressure treatment, which are characterized by large plastic deformations, based on the plastomet ric tests.
CHARACTERIZATION OF SAMPLES AND TEST PROCEDURE
When determining the resistance of plastic defor mation (σ s ), the most informative is upsetting the samples on plastometers, since it makes it possible to acquire the data on this characteristic in a broad range of deformation degrees, rates, and temperatures. The deformation resistance of iridium was studied using a cam type plastometer with a working force up to 1500 kN ( Fig. 1) established at the Institute of Engi neering Science of the Ural Branch of the Russian Academy of Sciences according to the procedure described in [9] .
We tested samples made of iridium I 99.9 (GOST (State Standard) . The content of iridium in a cast billet after remelting in a vacuum was 99.97%, while impurities were distributed as fol lows, ppm: platinum 110, palladium 7, rhodium 4, gold 5, iron 5, ruthenium 94, copper 5, nickel 10, lead 2, aluminum 3, silicon 10, and barium 5.
We used cylindrical samples 9.4-10.3 mm in diam eter and 14.3-16.1 mm in height fabricated from rods 12 mm in diameter, which were forged from a cast bil let after its remelting in a vacuum electron beam installation and cooled into water after forging.
Upsetting tests of the samples were performed in temperature range t = 900-1400°C at deformation rates ξ = 0.2 and 20 s -1 , as well as at t = 800-1400°C at ξ = 2 s -1 . The maximal degree of sample deforma tion (e = ln(h 0 /h f ), where h 0 and h f are the initial and final samples heights), attained in experiments was e = 0.8. The deformation rate in the course of the total upsetting process was held constant due to the corre sponding cam profile and automated regulated electric drive.
To provide the uniform upsetting and uniaxial linear compressive stress state, we used a lubricant in the form of ground glass containing, wt %, 55SiO 2 , 7BO 2 , 21Al 2 O 3 , and 14CaO.
Before charging into the furnace, the samples were established into a special cylindrical container ( Fig. 2) situating against the center of deforming dies made of a special heat resistant alloy and insulated with kaolin wadding. Their heating to test temperatures was per formed in an electric furnace along with the packet container. After attaining the specified temperature, the ) for data collection and fixa tion was launched and prepared, the rotation drive was switched on, and the balance wheel shaft was acceler ated to a desirable velocity. The packet container was extracted from the furnace and established into a working plastometer space on the load cell rigorously endwise to it, after which the sample was immediately upsetted with an automatic registration of process parameters using a computer.
Software complexes for data collection and regis tration GeniDAQ and WinDAQ performed the output of results of measurements in Microsoft Excel format. The examples of computer recording of upsetting the iridium sample at t = 1000°C with various rates are presented in Fig. 3 .
It is particularly seen from the plots that the depen dences of motion 1 are close to the straight line, and differentiation of these functions in each point with respect to time will lead to a constant, which evidences holding the constant test rate. We used our data to cal culate the hardening curves with a special program developed at the Institute of Engineering Science, Ural Branch, Russian Academy of Sciences. This pro gram implies the calculation of deformation resistance by formula σ s = P/F, where P is the measured force and F is the calculated cross section area and performs the output of results (hardening curves) in the Microsoft Excel format. To transfer readings in volts into force units, we used the results of calibration of the load cell.
Photographs of the samples upsetted at 1000°C with various rates are presented in Fig. 4 . It is seen that the process is accompanied by an insignificant barrel formation, which evidences the fulfillment of condi tions of the uniform deformation. RESULTS AND DISCUSSION The results of experiments, notably, hardening curves of iridium in a form of the dependence of defor mation resistance (σ s ) on the logarithmic degree of deformation (e) at various test rates and temperatures, are presented in Fig. 5 . We can conclude the following from the consideration and comparison of these data.
Iridium has a very high deformation resistance, which substantially exceeds that for most steels and alloys, in range t = 800-1400°C [10] .
The character of hardening curves of iridium some what depends on the deformation rate. At its small magnitude (0.2 s -1 ), metal is hardened almost throughout the range of degrees of deformation right up to e = 0.8, and hardening noticeably decelerates at e > 0.6. For this reason, the magnitude of σ s increases monotonically without any violation of this monoto nicity.
At a higher rate (2 s -1 ), hardening is finished at e = 0.6 and is stabilized with the further increase in the degree of deformation. However, the trend of strengthening curves indicates the presence of seg ments of dynamic softening, which are alternated by segments of subsequent strengthening, which is why the so called oscillation of σ s takes place.
At a considerable deformation rate (20 s -1 ), hard ening is also finished at e = 0.6; however, there is also dynamic softening, which is accompanied by a small decrease in the magnitude of σ s . Oscillations of σ s , but with a larger amplitude of their variation, is also char acteristic of hardening curves.
Oscillations of the experimental data in the dia gram are characteristic of, at least, fcc metals, which is noted in [12, 14] as applied to the deformation of irid ium and copper, respectively. The authors explain this phenomenon itself by the passage features of the dynamic recrystallization.
Largest hardening occurs at t = 800 and 900°C, i.e., below the recrystallization temperature, which equals 1000°C for iridium [11] . Hardening intensity at t > 1000°C somewhat decreases with an increase in defor mation. Figure 6 shows temperature dependences of the deformation resistance of iridium for e = 0.2, 0.4, and 0.6. It follows from the consideration of our data that the magnitude of σ s decreases monotonically with an increase in temperature from 800-900 to 1400°C, and this decrease is more abrupt at the initial stage, retarding upon passage to t ~ 1400°C. The curves of varying σ s for the degree of deformation e = 0.2-0.6 are identical.
The analysis of publications shows the following. According to the data [12] , the maximal plastic flow stress of iridium under tension at t = 1600°C for the range of relative elongations δ = 0-60% is 90 MPa.
The extrapolation of our results to the higher tempera ture region (1600°C) points to their approximate conver gence. In addition, the magnitude of σ s at the initial hardening stage (for e = 0.05) at velocity of 0.2 s -1 (see Fig. 5a ) found in our experiments closely coincides with the yield point of iridium found by the authors of [7] in experiments on tension (at ξ ~ 0.1 s -1 ). The dependences of σ s on deformation rate ξ, the example of which for 900 and 1000°C is shown in Fig. 7a , are plotted for the same degrees of deforma tion. They have the form of straight lines with small deviations of experimental points from the straight line in logarithmic coordinates (Fig. 7b) .
To evaluate the influence of the rate on the defor mation resistance qualitatively, we used the conven tional dynamic hardening coefficient n, which was determined as the ratio of quantities σ s at the largest (ξ = 20 s -1 ) and smallest (ξ = 0.2 s -1 ) velocities. Values of σ s are taken for the degree of deformation e = 0.6, at which they are close to maximal values.
The results of calculations are presented below:
They evidence that the role of velocity hardening of iridium rises as the deformation temperature increases.
ANALYTICAL TREATMENT
OF THE RESULTS Approximating formulas instead of graphical data are applied in many computational moduli of the analysis of pressure treatment processes. Therefore, our results had led to the analytical form of the depen dence of the deformation resistance of iridium on ther momechanical parameters: deformation degree (e), rate (ξ), and temperature (t).
When constructing the model, we used a formula which, as is shown in [13] , describes well the increas ing character of hardening curves:
The formula includes unknown coefficients σ s0 , K e , K ξ , and K t , which are found using the regression anal ysis. A necessary condition for it is the fact that the desired function, which is defined by several indepen dent factors, should have a linear dependence on the factors under study. To linearize Eq. (1), it was reduced by finding the logarithm to the following form:
The unknown coefficients were searched for the verification and their statistic dependence was verified in a module of the analysis of the data of the MS Office Excel. The statistic significance of coefficients of the multiple regression with three independent variables confirmed the statistic significance of all coefficients of the multiple regression. To evaluate the general quality of the multiple regression equation, we used determination coefficient R 2 , which was 0.94 accord ing to the results of calculations.
After the substitution of found values of unknown coefficients into the desired dependence, the formula for the deformation resistance of iridium took the final form:
In order to quantitatively evaluate the error, we per formed a comparative analysis of experimental hard ening curves and those calculated by formula (3). Cal culations were performed for the entire range of ther momechanical parameters under study. We selected the relative error calculated by the formula (4) as the criterion of evaluation. Comparative analysis showed that its average value Δ av = 5.77%, while the maximal one is 16.61%. The best results (with the minimal error) by Eq. (4) were found at degrees of deformation e = 0.2-0.6 (at relative reduction ε = 0.25-0.45). (ii) The deformation resistance of iridium in the range under study of thermomechanical parameters exceeds level σ s of most steels and alloys by a factor of 2.0-2.5. Its highest value (760 MPa) is attained at the lowest temperature, largest reduction, and maximal deformation rate.
(iii) The analytical dependence of deformation resistance of iridium on thermomechanical parame ters under study (deformation degree, rate, and tem perature), which makes it possible to calculate the level of σ s at any (under study) index of deformation, is constructed. 
